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Excitons in diluted magnetic semiconductors represent excellent probes for studying the magnetic
properties of these materials. Various magneto-optical effects, which depend sensitively on the
exchange interaction of the excitons with the localized spins of the magnetic ions can be used for
probing. Here, we study core/shell CdSe/(Cd,Mn)S colloidal nanoplatelets hosting diluted magnetic
semiconductor layers. The inclusion of the magnetic Mn2+ ions is evidenced by three magneto-
optical techniques using high magnetic fields up to 15 T: polarized photoluminescence, optically
detected magnetic resonance, and spin-flip Raman scattering. In particular, information on the
Mn2+ concentration in the CdS shell layers can be obtained from the spin-lattice relaxation dynamics
of the Mn2+ spin system.
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Incorporation of magnetic ions in colloidal nanocrys-
tals (NCs) opens exciting opportunities for engineering of
spintronics devices. [1–4] The underlying idea to exploit
the strong sp−d exchange interactions between electrons
and holes with the localized spins of magnetic ions orig-
inates from the physics of diluted magnetic semiconduc-
tors (DMSs). [5] This research direction was established
first for bulk DMS materials, and later was successfully
extended for epitaxially grown DMS heterostructures, in-
cluding quantum wells and quantum dots. [6, 7] In col-
loidal nanostructures it is still at an early stage, while
several important results have been already achieved.
The giant Zeeman splitting has been demonstrated by
measuring the magnetic circular dicroism [8–11], includ-
ing the photoinduced magnetism in Ag+-doped CdSe
NCs [12], and evidenced by polarized photoluminescence
in external magnetic fields. [13–18] The exchange interac-
tion of excitons with Mn2+ ions was proven by optically
detected magnetic resonance (ODMR). [19] Magnetic po-
laron formation was reported [3, 20–22], and the influence
of Mn2+ spin fluctuations was considered. [23]
Magneto-optical studies of the exciton emission, its gi-
ant Zeeman splitting and polarization, are a valuable tool
for investigation of DMS nanostructures. There is, how-
ever, a limitation for the parameters of DMS NCs to pro-
vide efficient exciton photoluminescence. The Mn2+ ions
have an absorption band at the energy of about 2.1 eV
associated with the internal transition 6A1 →4 T1; the
corresponding 4T1 →6 A1 emission is located at about
2.0 eV. This means that in (Cd,Mn)Se NCs the exciton
resonance should be considerably detuned from this en-
ergy, because the efficient energy transfer to the Mn2+
ions would otherwise represent a nonradiative recombi-
nation channel for the excitons, quenching their emission.
For this reason, (Cd,Mn)Se spherical NCs with large di-
ameters were synthesized in order to keep the exciton
emission energy below 2.1 eV. [11, 13, 21]
Nanoplatelets (NPLs) are an emerging class of col-
loidal nanocrystals, which are atomically flat with sev-
eral monolayer thickness, resembling free-standing quan-
tum wells. [24] NPLs with magnetic Mn2+ ions were syn-
thesized in 2015 [16], providing remarkable opportunities
for wave-function engineering. [11, 25–27] The Mn2+ ions
were incorporated in the NPL cores [28] or shells. [16, 26]
In this paper, we study the magneto-optical proper-
ties of core/shell CdSe/Cd1−xMnxS NPLs, which arise
from excitons interacting with the magnetic ions. Three
experimental approaches are used for that: (i) polarized
photoluminescence in external magnetic fields, (ii) opti-
cally detected magnetic resonance of the Mn2+ ions, and
(iii) spin-flip Raman scattering. We measure the spin-
lattice relaxation dynamics of the Mn2+ spin system and
suggest an approach for evaluation of the Mn2+ concen-
tration.
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2TABLE I. Parameters of the studied CdSe/CdS and
CdSe/Cd1−xMnxS NPLs. Mn2+ concentrations, nominal
(measured by ICP-MS) and evaluated from the spin-lattice-
relaxation dynamics in ODMR experiments.
Sample
Nominal Mn2+
content from
ICP-MS
τSLR,
µs
Evaluated
Mn2+ content
from ODMR
∆EAF,
meV
#0 0 – – 1.7
#1 0.012 405 0.009 1.6
#2 0.019 350 0.010 1.8
#3 0.050 20 0.029 1.9
I. SAMPLES
Four NPL samples were grown for this study, see Refs.
16, 29, and 30 and Supplementary Section S4 for details.
All of them have a 2-monolayer thick CdSe core and 4-
monolayer thick shells cladding the core. The reference
sample #0 has nonmagnetic CdS shells and the other
three DMS NPLs have Cd1−xMnxS shells with Mn2+
concentrations x ranging from 0.009 to 0.029. The sam-
ple parameters are given in Table I. Note that the nomi-
nal Mn2+ concentrations obtained by inductively coupled
plasma mass spectrometry (ICP-MS) measurements dif-
fer from the values that we evaluate from the spin-lattice
relaxation dynamics. We are convinced that the latter
values are more reliable so that we use them in the pa-
per.
II. SPECIFICS OF DMS HETEROSTRUCTURES
The band structure of the CdSe/Cd1−xMnxS NPLs
is shown schematically in Figure 2a. The CdSe core
with cubic lattice has the bandgap energy ECdSeg =
1.75 eV [31], and is sandwiched between shells with
ECdSg = 2.50 eV. Note that the ECdSeg = 1.84 eV used in
Refs. 19 and 26 corresponds to the wurtzite lattice. The
conduction and valence band offsets between CdSe and
CdS are not precisely known. However, the valence band
offsets reported in literature are large, so that the hole is
believed to be confined in the CdSe core. The reported
conduction band offsets range from 300 meV to 0 meV,
and this value depends on the crystal structure, NC size,
lattice strain and temperature. Due to the quite weak,
if present at all, confinement, the electron wave func-
tion leaks into the CdS shell (for references, see [32]).
The electron and hole wave functions are centered in the
nonmagnetic CdSe core and only partially penetrate into
the DMS shell. For this reason, all exchange effects in
the studied DMS NPLs are expected to be reduced com-
pared to bulk DMSs with the same Mn2+ concentration.
Quantum mechanical calculations give an estimate of the
electron wave function fraction in the shell of 60% and
the hole fraction of 30%, see Supplementary Section S2.
There are several factors that need to be taken into
account for evaluation of the strength of the exciton
and carrier exchange interactions with the Mn2+ spins
in CdSe/Cd1−xMnxS NPLs:
(i) Penetration of the electron and hole wave functions
into the DMS shells. Note that in bulk II-VI DMSs
the exchange interaction of holes is 4 − 5 times
stronger than that of the electrons. Correspond-
ingly, the holes provide the dominating contribu-
tions to the magneto-optical effects, like the giant
Zeeman splitting of exciton states, Faraday rota-
tion, formation of exciton magnetic polarons, etc.
(ii) Modification of the electron exchange constant α by
strong quantization. α is reduced with increasing
confinement and can even change its sign. [33, 34]
(iii) Variations of the magnetic properties of the Mn2+
spin system, which are controlled by the Mn2+–
Mn2+ interactions and are different in bulk DMSs
and in thin DMS layers or at the interfaces between
DMS and nonmagnetic layers, because of different
statistics of neighboring Mn2+ spins. [35]
Therefore, it is a challenging task to account properly
for the contributions of these factors to the magneto-
optical properties of the studied NPLs. As a result, one
can not use most of the established approaches in DMS
physics for evaluation of the Mn2+ content by means of
magneto-optical techniques.
III. TIME-INTEGRATED AND
TIME-RESOLVED PHOTOLUMINESCENCE
Figure 1a shows photoluminescence (PL) spectra
of CdSe/CdS (Sample #0) and CdSe/Cd0.991Mn0.009S
(Sample #1) NPLs. Both spectra are very similar to
each other, so that implementation of a small Mn2+ con-
centration does not change the PL. The emission lines of
both samples are centered at 2.127 eV (red arrow) and
have full widths at half maximum of about 100 meV,
which is typical for core/shell NPLs. [37] As the PL is
close to the 4T1 →6 A1 transition of the Mn2+ ions at
2.1 eV, our first task is to identify the origin of the emis-
sion from CdSe/Cd0.991Mn0.009S NPLs and to prove that
it is dominated by exciton recombination. The similarity
of the PL spectra of nonmagnetic and DMS NPLs gives
a first hint for that.
The recombination dynamics can be also used for the
identification of the origin of the emission. It is known
that at liquid helium temperatures the decay of the Mn2+
emission via the 4T1 →6 A1 transition is very slow,
occurring on time scales in the 10 − 500 µs range in
bulk DMSs, [39, 40] like (Cd,Mn)Te, (Zn,Mn)Te and
(Zn,Mn)S, and is 270 µs in (Cd,Mn)Se colloidal quan-
tum dots. [41] The exciton recombination dynamics is by
a few orders of magnitude faster, happening for neutral
excitons in the range of 1 ns to 1 µs, depending on rela-
tive involvement of bright and dark exciton states, or of a
few nanoseconds for charged excitons (trions). [37, 42, 43]
The time-resolved recombination dynamics measured
at the PL maxima in Samples #0 and #1 are shown in
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FIG. 1. (a) Photoluminescence spectra of CdSe/CdS (Sample #0, pink) and CdSe/Cd0.991Mn0.009S (Sample #1, green) NPLs
at T = 4.2 K, B = 0 T. (b) Photoluminescence decay traces of CdSe/CdS (Sample #0, pink) and CdSe/Cd0.991Mn0.009S (Sample
#1, green) NPLs, measured at their PL maxima of 2.127 eV. (c) Photoluminescence decay curves of CdSe/Cd0.991Mn0.009S
NPLs (Sample #1) at various detection energies shown by the arrows in panel (a) using the same color code. Inset: Spectral
dependence of the average decay time 〈τ〉 in Sample #1. (d,e) PL decay at 2.127 eV measured in magnetic fields B = 0 T
(green) and 15 T (red) in Samples #1 and #0.
Figure 1b. In both cases, the decay of the PL intensity
is faster more than three orders of magnitude compared
to that of Mn2+ emission and takes place within 300 ns.
This allows us to conclude that the dominating part of
the emission in CdSe/Cd0.991Mn0.009S NPLs is provided
by exciton recombination and the Mn2+ emission is very
weak, if present at all. The two other DMS samples have
similar properties.
As it is common for the colloidal nanocrystals, the re-
combination dynamics in the studied NPLs do not show
a monoexponential decay. For example, the decays at
the PL maxima, shown in Figure 1b, require a fit with a
three-term exponential function for a good description:
I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3).
The three decay times are τ1 = 3 ns, τ2 = 11 ns and
τ3 = 56 ns for Sample #0, and τ1 = 3 ns, τ2 = 12 ns and
τ3 = 45 ns for Sample #1. Note that they are close to
each other in these nonmagnetic and DMS NPLs.
The spectral dependence of the PL dynamics in
CdSe/Cd0.991Mn0.009S NPLs is given in Figure 1c. The
general trend is that the decay times increase with de-
creasing emission energy. This is clearly seen in the inset
of Figure 1c, where the spectral dependence of the aver-
age decay time 〈τ〉 is given. 〈τ〉 is calculated as 〈τ〉 =
τ1ν1 +τ2ν2 +τ3ν3, where νi = Aiτi/(A1τ1 +A2τ2 +A3τ3).
The average decay time increases from 2 up to 70 ns from
the high- to the low-energy tail. Such behavior is typical
for ensembles of colloidal nanocrystals with an efficient
Förster energy transfer. [44, 45]
Further more, the recombination dynamics are weakly
affected by external magnetic fields. This is shown in Fig-
ures 1d,e, where the PL decays at the emission maximum
are compared for B = 0 and 15 T.
Note that the character of the recombination dynam-
ics at low temperatures in colloidal NPLs and its depen-
dence on magnetic field allows one to identify whether
the emission is contributed by neutral or by charged ex-
citons. [37, 42, 43] For example, at T = 4.2 K the trion
emission in CdSe/CdS NPLs with thick shells is mono-
exponential with a decay time of 3 ns and is independent
of magnetic field. Contrary to that, the decay of neutral
excitons in CdSe NPLs has a bi-exponential decay with
a very fast initial component of 20 ps and a long compo-
nent of 80 ns, which shortens with increasing magnetic
field.
The recombination dynamics in the NPLs studied in
this paper do not clearly correspond to either neutral
or charged exciton behavior, but are rather superposi-
tions of both. Additionally, for resonant excitation, we
clearly observe emission from dark excitons (Figure 4a).
The bright-dark exciton energy splitting, ∆EAF, ranges
between 1.6 and 1.9 meV (see below). Therefore, at
T = 4.2 K the bright state has about 1% population in
thermal equilibrium, and should contribute to the emis-
sion. We also detect electron spin flips, which means that
some of the NPLs are negatively charged, i.e. they may
contain negatively charged excitons (Figure 4a). From all
these findings, we conclude that the PL is contributed by
recombination of neutral (bright and dark) and charged
excitons. More details are given in the Supplementary
Section S1.
IV. POLARIZED PHOTOLUMINESCENCE IN
MAGNETIC FIELD
This technique, which exploits the exciton (trion) spin
polarization on their Zeeman split sublevels, is a sen-
sitive tool to measure small spin splittings comparable
with the thermal energy kBT , where kB is Boltzmann
constant. [37, 46, 47] The experiment is relatively easy
in realization, but requires liquid helium temperatures
and strong magnetic fields of 10 − 15 T or even up to
30 − 65 T to gather sufficient information on the lin-
ear dependence of the circular polarization degree of
PL, Pc(B), on magnetic field for rather weak fields, un-
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FIG. 2. (a) Schematic diagram of the electron and hole wave functions (cyan and orange lines) in CdSe/Cd1−xMnxS NPLs. (b)
Photoluminescence spectra of the σ+ (red) and σ− (blue) polarized components in CdSe/CdS NPLs (Sample #0, bottom) and
CdSe/Cd0.991Mn0.009S NPLs (Sample #1, top) at T = 4.2 K, B = 3 T (left) and 15 T (right). (c) Magnetic field dependence
of the DCP in Sample #0 (pink) and Sample #1 (green).
til it reaches saturation in high magnetic fields, P satc .
The degree of circular polarization (DCP) is defined as
Pc = (I+ − I−)/(I+ + I−), where I+ and I− are the PL
intensities of the σ+ and σ− circularly polarized com-
ponents, respectively. The magnetic field is applied in
the Faraday geometry, i.e., parallel to the emission wave
vector direction.
Figure 2b shows polarized PL spectra of the nonmag-
netic Sample #0 (bottom) and Mn-doped Sample #1
(top), measured in magnetic fields B = 3 and 15 T. One
can clearly see the difference between DCP in nonmag-
netic and DMS NPLs. First, they have opposite signs.
In CdSe/CdS NPLs Pc < 0, its absolute value increases
with growing magnetic field about monotonically and sat-
urates above 12 T (Figure 2c). At B = 15 T it reaches
Pc = −0.47. This behavior is similar to what was re-
ported for thick-shell CdSe/CdS NPLs (see Figure 3c in
Ref. 37), where the emission was provided by negatively
charged excitons.
In the DMS sample Pc > 0, it increases fast, reaching
the plateau value of +0.22 at B = 4 T, and then slowly
decreases in higher magnetic fields. The Pc sign reversal
in II–VI DMS materials, compared to the nonmagnetic
reference, is a clear evidence of the exchange interaction
of charge carriers with the Mn2+ ions. It is provided
by the signs of the exchange constants in the conduction
(α > 0) and valence bands (β < 0). [7] More details are
given in the Supplementary Section S3.
V. ANALYSIS OF POLARIZED
PHOTOLUMINESCENCE
The exciton and trion DCP can be written as
Pc(B) = −P satc
τ
τ + τs
tanh ∆EZ(B)2kBT
. (1)
Here ∆EZ(B) is the Zeeman splitting, τ is the lifetime
and τs is the spin relaxation time, and P satc is the sat-
uration degree of polarization, which depends on the
specifics of the spin level structure and NPL orientation
in the ensemble.
In nonmagnetic samples the intrinsic exciton Zeeman
splitting is
∆EZ,X(B) = gXµBB , (2)
where gX is the exciton g-factor and µB is the Bohr mag-
neton. Accounting for the specifics of the bright and dark
excitons is considered in the Supplementary Section S3.
In DMS samples an additional term, Eexch,X(B), de-
scribing the exciton exchange interaction with the Mn2+
spins has to be added
∆EZ,X(B) = gXµBB + Eexch,X(B) . (3)
Note that Eexch,X(B) is controlled by the exchange in-
teraction of both electron and hole composing the exci-
ton with the Mn2+ ions, and therefore depends on the
overlap of the electron and hole wave functions with the
(Cd,Mn)S shells.
For the negative trion, being composed of two electrons
and one hole, the Zeeman splitting is determined by the
hole splitting:
∆EZ,h(B) = −3ghµBB , (4)
where gh is the hole g-factor. In DMS samples
∆EZ,h(B) = −3ghµBB + Eexch,h(B) . (5)
Eexch,h(B) is determined by the exchange interaction of
the hole with the Mn2+ ions. Here we use the definition of
the hole g-factor sign that is commonly used for colloidal
nanocrystals. [36, 37] In the frame of this convention, the
5intrinsic hole Zeeman splitting provided by the negative
hole g-factor (gh < 0) is in competition with the hole
exchange splitting determined by β < 0. On the other
hand, for the conduction band electron, both the intrinsic
Zeeman splitting (ge > 0) and the exchange one with
α > 0 add to each other.
The electron g-factor is ge = +1.70 in CdSe/CdS
NPLs (see below). The hole g-factor gh = −0.7 was
measured in high magnetic fields. [37] For small ∆EAF,
as in our case, the g-factor of the bright exciton is
gXA = −ge − 3gh = +0.4. This value matches well with
gXA = +0.32 measured in 4 monolayer thick bare core
NPLs by absorption spectroscopy in high magnetic fields
[38]. For the dark exciton gXF = ge − 3gh = +3.8. One
can see from Eq. (1) that the negative DCP found in ex-
periment requires gX > 0, i.e. can be achieved for the
bright and the dark excitons. In case of the negative
trion, Pc < 0 requires gh < 0, see Eqs. (1) and (4), which
is indeed the case for CdSe/CdS NPLs. To summarize,
the negative DCP observed in nonmagnetic CdSe/CdS
NPLs can be provided by the dark and bright excitons
and the negative trions.
In DMS NPLs the polarization is positive, which re-
quires a negative sign of the Zeeman splitting ∆EZ. One
can see from Eqs. (3) and (5) that this can be the case
when the intrinsic and exchanges terms have different
signs as well as when for the exciton case |Eexch,X(B)| >
|gXµBB| and for the trion case |Eexch,h(B)| > |3ghµBB|.
In the trion case, the fulfillment of this condition is solely
provided by the hole exchange interaction with the Mn2+
ions, i.e. requires a sufficiently large penetration of the
hole wave function into the DMS shells. In CdSe, ge and
α are both positive and, therefore, the Zeeman splitting
for the conduction band electron can not be inverted. As
a result, for the exciton case the inversion of the DCP
sign can also be provided only by the hole exchange with
the Mn2+ spins. To support this conclusion, we provide
in the Supplementary Section S3 results of model cal-
culations for the bright and dark excitons and for the
negative trions for various penetrations of the hole wave
functions into the DMS shells.
VI. OPTICALLY DETECTED MAGNETIC
RESONANCE (ODMR)
The ODMR technique combines the advantage of res-
onant excitation of spin states by microwave radiation
with the high sensitivity of optical detection of the in-
duced changes. It is especially useful for the investigation
of semiconductor nanostructures, whose small volume is
not sufficient to provide sufficiently strong signals for the
electron paramagnetic resonance technique. Addition-
ally, the possibility of spectrally selective detection on
specific optical resonances, e.g., the exciton or impurity
related emission, allows one to obtain a clear identifica-
tion of the addressed electronic transitions.
In the case of diluted magnetic semiconductors, the
resonant microwave heating of the Mn2+ ions increases
the Mn2+ spin temperature TMn and, consequently, re-
duces the Mn2+ spin polarization 〈SMn〉. These changes
can be detected optically via the excitons or trions in-
teracting with the Mn2+ spins, see Figure 3d. The
application of the ODMR technique to quantum well
structures based on (Zn,Mn)Se DMS was discussed in
Refs. 35, 48, and 49. There it was shown that the reso-
nant heating of the Mn2+ spin system can be detected by
several effects: (i) the decrease of the exciton giant Zee-
man splitting, resulting in a spectral shift of the exciton
emission line, (ii) the decrease of the circular polariza-
tion degree induced by the magnetic field, and (iii) the
redistribution of the emission intensity between the exci-
ton line and the Mn2+ emission band. Recently, ODMR
measured at 10 GHz microwave radiation via polarized
photoluminescence was reported for CdSe/Cd1−xMnxS
NPLs. [19]
Figure 3a shows the intensities of the σ+ and σ− PL
components of the CdSe/Cd0.991Mn0.009S NPLs (Sample
#1), measured versus magnetic field without and with
microwaves. As discussed above, the σ+ component has
a higher intensity due to the stronger thermal popula-
tion of the excitons (trions) on the associated Zeeman
sublevels split in magnetic field. Without microwaves,
the intensities of these components change smoothly with
magnetic field, following the DCP trend shown in Fig-
ure 2c. In the presence of 59.6 GHz microwave radia-
tion, two sharp resonances are observed at B = 2.130 T.
The resonant decrease of the σ+ intensity and the cor-
related increase of the σ− intensity evidence heating of
the Mn2+ spin system, which accordingly decreases the
exciton (trion) giant Zeeman splitting and the exciton
(trion) DCP. [35, 49] The PL intensity variations nor-
malized to the relative PL intensities without microwaves
(I), are shown in more detail in Figure 3b. They repre-
sent broad peaks with a width of ∆B = 40 mT and are
centered at B = 2.130 T corresponding to a g-factor of
1.999±0.005. This g-factor matches with the Mn2+ value
of gMn = 2.01, reported for ZnS:Mn2+ and CdTe:Mn2+
in electron spin resonance measurements. [50, 51]
The spin-lattice relaxation (SLR) dynamics of the
Mn2+ spin system can be measured by modulating
the microwave radiation between on and off and time-
resolved detection of the changes induced thereby, reflect-
ing cooling or heating of the Mn2+ spins. An example
of such a measurement for CdSe/Cd0.991Mn0.009S NPLs
is shown in Figure 3c. Here, the red line is an expo-
nential fit with the characteristic spin-lattice relaxation
time τSLR = 405 µs. Similar measurements performed for
Samples #2 and #3 give 350 µs and 20 µs, respectively
(Table I).
As we discussed above, most of the magneto-optical
approaches that are commonly used for evaluation of the
Mn2+ concentration in bulk DMS, cannot be directly ap-
plied to CdSe/Cd1−xMnxS NPLs. We suggest that a
quite accurate evaluation can be achieved from the spin-
lattice relaxation time τSLR. It is known that the τSLR
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and is located at B = 2.130 T, which corresponds to a g-factor of 1.999. The σ+ component decreases at resonance conditions
(red), while the σ− component increases (blue). (c) Temporal evolution of the σ+ PL component after switching on/off the
microwaves for resonance excitation at B = 2.130 T. The red line is an exponential fit with a time constant τSLR = 405 µs.
(d) Schematic diagram of the interactions between the Mn2+ and exciton (trion) spin systems. (e) Spin-lattice relaxation time
as a function of the Mn2+ content x; adapted from Ref. 35. Blue line is a guide for the eye, red circles are experimental data
measured in the present work (see Table I).
of the Mn2+ ions in II-VI semiconductors has a very
strong dependence on the Mn2+ concentration, which
covers about five orders of magnitude from 1 ms down
to 10 ns with increasing x from 0.004 up to 0.11, see
Figure 3e, where the data from Figure 8.10 in Ref. 35
are reproduced. This strong dependence arises from the
quenching of the orbital momentum of the d-electrons in
the Mn2+ ion, i.e., it has zero orbital momentum (L = 0)
and does not interact with the phonon system. The only
mechanisms that provide spin-lattice relaxation for the
Mn2+ ions are given by the Mn2+–Mn2+ interactions,
which obviously are strongly dependent on the number of
neighboring Mn2+ ions and the distances between them,
which in turn strongly change with increasing Mn2+ con-
centration. The red lines in Figure 3e mark the times that
we measured for the CdSe/Cd1−xMnxS NPLs. Their
comparison with the literature data shown by the sym-
bols allows us to evaluate the Mn2+ concentration for
the studied samples. As one can see from Table I, the
nominal Mn2+ concentration measured by the ICP-MS
method is in good agreement with our data for Samples
#1 and #2, but differs for Sample #3. We emphasize
that the suggested approach for evaluation of the Mn2+
concentration is very reliable and could be widely used
for nanostructures.
VII. SPIN-FLIP RAMAN SCATTERING (SFRS)
The SFRS spectroscopy is a sophisticated tool to in-
vestigate the Zeeman splittings of carriers (electrons or
holes), excitons or magnetic ions. It provides detailed
information about their spin structure and spin interac-
tions. The polarization properties of the SFRS lines de-
liver information on the symmetries of the involved states
and allow one to identify responsible flip mechanisms. In
SFRS, the Zeeman splitting is obtained from the Raman
shift, which is equal to the energy shift between the laser
photon energy and the energy of the scattered light. The
technique was successfully used for investigation of the
exchange interactions of carriers and excitons with the
magnetic ions in DMS bulk samples [6, 52] and quantum
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FIG. 4. (a) Raman spectrum for the circularly co-polarized configuration in Faraday geometry showing the lines of the
electron spin-flip and dark exciton for the nonmagnetic CdSe/CdS NPLs (Sample #0); Eexc = 2.165 eV, Pexc = 0.2 W/cm2,
T = 1.6 K, B = 0 and 8 T. (b) Magnetic field dependence of the absolute Stokes energy shifts of the n = 1 Mn2+ resonance
in CdSe/Cd0.991Mn0.009S (Sample #1, orange squares) and of the electron spin flip in CdSe/CdS NPLs (Sample #0, blue
circles) in Faraday geometry. Solid lines are linear fits to the data. (c) Magnetic field dependence of the relative Raman shifts
of all detectable Mn2+ resonances in CdSe/Cd0.99Mn0.01S NPLs in Voigt geometry. (d) Mn2+ spin scattering spectra for the
co-polarized configuration in Faraday geometry for the CdSe/Cd0.991Mn0.009S (Sample #1, pink) CdSe/Cd0.99Mn0.01S (Sample
#2, blue) NPLs. Eexc = 2.151 eV, Pexc = 1.6 W/cm2, B = 4 T, T = 1.6 K. In Faraday geometry up to 7 (3) Mn2+ resonances
are observed in the Stokes (anti-Stokes) spectral ranges.
well structures. [53–55] We showed recently that non-
magnetic CdSe and CdSe/CdS NPLs can be studied by
SFRS, [37, 56] but this technique had not been used so
far for DMS colloidal nanocrystals.
Figure 4a shows Raman spectra of the CdSe/CdS
NPLs (Sample #0) for resonant excitation of the exci-
ton state at Eexc = 2.165 eV. Here positive values of
the Raman shift ∆E correspond to a Stokes shift of the
scattered photons to lower energies. At zero magnetic
field there is a relatively broad line with a full width at
half maximum (FWHM) of 0.5 meV, whose maximum
is shifted by 1.7 meV. This shift does not change in the
applied magnetic field of B = 8 T. We assign it to the en-
ergy splitting between the bright and dark exciton states
∆EAF. [42] The dark exciton line was observed in all
studied samples with ∆EAF ranging between 1.6 and
1.9 meV (Table I). This supports our assumption that
the dark excitons also contribute to the emission from
the CdSe/Cd1−xMnxS NPLs.
At B = 8 T a narrow line associated with the elec-
tron spin-flip and shifted by 0.82 meV from the laser
is seen in the Raman spectrum (Figure 4a). Its shift
depends linearly on magnetic field (Figure 4b, blue cir-
cles). A fit with |∆E| = |ge|µBB gives the g-factor value
|ge| = 1.70± 0.02, which is close to the electron g-factor
measured in CdSe and CdSe/CdS NPLs [37, 56]. Note
that ge > 0 in bulk CdSe and in these structures.
Figure 4d shows Raman spectra of
CdSe/Cd0.991Mn0.009S and CdSe/Cd0.99Mn0.01S NPLs
measured at B = 4 T with resonant excitation of the
exciton at Eexc = 2.151 eV, T = 1.6 K. They are
obviously very different compared to the spectra in
Figure 4a. No electron spin-flip is detected; instead, a
set of equidistant lines is observed. Up to seven lines
in the Stokes and up to three lines in the anti-Stokes
energy range can be resolved. All these lines shift
linearly with magnetic field (see Figure 4c), following
the equation ∆E = ngMnµBB, where n is an integer
number. An accurate evaluation of gMn = 2.01 ± 0.03
is obtained from the fit of the line with n = 1, shown
in Figure 4b by orange squares. This g-factor matches
well with the Mn2+ g-factor of 2.01 [50, 51]. Hence,
we conclude that the measured Raman signals have to
be attributed to spin flips of the Mn2+ ions interacting
with the photogenerated exciton. We measured the
spectral dependence of the Raman signal intensities. The
maximal signal is reached when the laser is in resonance
with the exciton. This shows that the exciton serves
as an intermediate scattering state, which resonantly
enhances the Raman cross-section.
The Raman signal is detected in all four combinations
of circular polarizations of excitation and detection. The
relative intensities (I++/I+−/I−+/I−−) of the Mn2+
SFRS lines depend strongly on the Mn2+ concentration.
Here Iij means σi-polarized excitation and σj-polarized
detection. These intensities on the Stokes side for
n = 1 at B = 4 T are given by (1/0.95/0.99/0.95) for
CdSe/Cd0.991Mn0.009S (Sample #1), (1/0.75/0.84/0.62)
for CdSe/Cd0.99Mn0.01S (Sample #2), and
(1/0.33/0.42/0.18) for CdSe/Cd0.971Mn0.029S (Sam-
ple #3). One can conclude that the optical selection
rules become more distinct with increasing Mn2+ con-
centration and the Mn2+ lines become more dominant
for σ+ polarized excitation and detection.
The observation of multiple spin flip Mn2+ lines was
reported also for (Cd,Mn)Te-based quantum wells, where
8up to 15 spin-flip lines were observed. [53] A mechanism
for these flips was suggested in Ref. 53 and a correspond-
ing model description was developed in Refs. 34 and 57.
The key point of this model is the anisotropic spin of
the heavy-hole in a two-dimensional nanostructure. In
an external magnetic field, the Mn2+ spins are polarized
along the field direction. When the spin of the photo-
generated hole is not parallel to the magnetic field (for
simplicity the case when it is perpendicular to the field
can be considered), the Mn2+ spins are influenced by the
external field B and by the hole exchange field Bexch.
The total magnetic moment of all Mn2+ spins within the
hole localization volume, IMn, precesses about the total
field B+Bexch. When the exciton recombines, i.e. scat-
ters, the projection of IMn on B differs from the initial
value by a multiple of the energy of the n = 1 Mn2+ spin-
flip. Note that the electron with an isotropic spin does
not support this mechanism. Therefore, we can conclude
that in the studied DMS NPLs the holes have sufficient
wavefunction overlap with the shell Mn2+ spins for pro-
viding multiple SFRS. This is in line with our conclusions
from the DCP data analysis.
NPLs have a close analogy to quantum wells and the
model approach suggested for quantum wells can be di-
rectly applied also here. The only specifics, which need
to be accounted for, are the varying orientations of the
NPLs in an ensemble measurement. As we have noticed
above, the condition for observation of multiple Mn2+-
flips is the noncollinearity of B and Bexch. This means
that in quantum wells the effect should be absent in the
Faraday geometry, where the magnetic field is parallel to
the structure growth axis. In DMS NPLs we observe the
same amount of higher order spin scattering resonances
in Faraday and Voigt geometry. We explain this result by
the random orientation of the NPLs in the studied ensem-
bles, leading to the situation that in any configuration a
fraction of NPLs fulfills the condition for multiple Mn2+-
flips. It is worthwhile to note that the model developed
for the exciton, namely for the hole in the exciton, can
be readily applied for the negatively charged exciton, as
the hole spin acts similar on Mn2+ ions in both cases.
In conclusion, we have demonstrated the exchange
interaction of excitons (trions) with the Mn2+ ions in
CdSe/Cd1−xMnxS core/shell nanoplatelets by means of
polarized photoluminescence, optically detected mag-
netic resonance and spin-flip Raman scattering. One
can conclude that these structures can be studied in de-
tail by these experimental approaches that were estab-
lished for diluted magnetic semiconductors. In partic-
ular, assessment of the dynamics for spin-lattice relax-
ation gives accurate estimates for the Mn2+ ion concen-
tration. Our studies may help to functionalize colloidal
DMS nanocrystals as magnetic or magneto-optical mark-
ers.
VIII. METHODS
Magneto-optical measurements. The NPLs were
dropcasted on a substrate and mounted in a titanium
sample holder on top of a three-axis piezo-positioner and
placed in the variable temperature insert (4.2 − 70 K)
of a liquid helium bath cryostat equipped with a super-
conducting solenoid (magnetic fields up to 15 T). The
measurements were performed in the Faraday geometry
(light excitation and detection parallel to the magnetic
field direction). The photoluminescence was excited with
a diode laser (photon energy 3.06 eV, wavelength 405 nm)
in continuous-wave or pulsed mode (pulse duration 50 ps,
pulse repetition rate 500 kHz) with a weak average excita-
tion density of 0.5 mW/cm2. The PL was dispersed with
a 0.5-m spectrometer and detected either by a liquid-
nitrogen-cooled charge-coupled-device (CCD) camera or
a Si avalanche photodiode connected to a conventional
time-correlated single-photon counting system. The in-
strumental response time was about 200 ps. The PL cir-
cular polarization degree was analyzed by a combination
of a quarter-wave plate and a linear polarizer.
Spin-flip Raman scattering. The samples were
mounted strain free inside the variable temperature insert
of a magnet cryostat, which provided magnetic fields up
to 10 T. The temperature was set to 1.6 K. The backscat-
tering experiments were performed in Faraday geometry
(θ = 0◦) or in tilted geometries up to θ = 90◦, cor-
responding to the Voigt geometry, where the magnetic
field and the normal to the sample substrate enclose the
angle θ. The NPLs were excited by a single frequency
dye laser (Matisse DS), whose actual wavelength was
measured and monitored by a fiber-coupled wavelength-
meter device. The laser power was stabilized by a liquid-
crystal variable attenuator. Unless specified otherwise,
the power was set to about 0.2 W/cm2 at the sample
surface. In order to ensure a stable detection position on
the sample surface, each sample was covered by a mask
having a hole of 1 mm diameter and the central part with
100 × 100 µm2 size of the illuminated sample area was
selected by a cross slit. The NPL emission was spectrally
dispersed by a double monochromator (U1000) equipped
with a Peltier-cooled GaAs photomultiplier. The SFRS
spectra were measured in close vicinity of the laser line
with photon energy Eexc. The spin-flip signals are shifted
from the laser energy by the Zeeman splitting of the in-
volved spin state, either to lower energy (Stokes shift,
Eexc − |g|µBB) or to higher energies (anti-Stokes shift,
Eexc + |g|µBB).
Optically detected magnetic resonance. The
ODMR technique used in this study was described in
detail in Ref. 48. The ODMR spectrometer consisted of
a 60 GHz all-solid-state microwave oscillator (photon en-
ergy of 0.248 meV) with a tuning range from 59.05 to
60.55 GHz and an output power of up to 100 mW. The
output power of the oscillator could be varied by up to 40
dB attenuation level. The oscillator could operate either
in continuous-wave mode or in a periodically pulsed mode
9with an on-off transition time of about 3 ns at more than
60 dB dumping level. The sample was mounted in a cylin-
drical H011 microwave cavity with a low Q factor of about
600. The cavity had two orthogonal pairs of apertures
with a conic cross-section for sample illumination and
collecting the sample emission. The cavity was placed in
the variable temperature insert of a magnet cryostat, the
measurements were performed at T = 1.8 K. The sample
in the cavity was excited by a 405 nm (Eexc = 2.14 eV)
semiconductor laser with 0.5 mW power, focused into
a spot with a diameter of 400 µm. The photolumines-
cence was collected in backscattering geometry and de-
tected with a 0.5-meter grating monochromator and a
CCD camera. Magnetic fields up to 7 T were applied in
the Faraday geometry. For time-resolved ODMR mea-
surements a photon counter based on an avalanche pho-
todiode was used, the temporal resolution was 30 ns.
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S1. Bright and dark exciton emission
In CdSe NPLs the lowest exciton state, |F 〉, has angular momentum projections |±2〉 from which the emission
is forbidden in electric dipole approximation. The optical transitions from the upper-lying |A〉 state with angular
momentum projections |±1〉 are allowed (inset Fig. S1). The energy splitting between these two states, ∆EAF, is
the bright-dark splitting. The radiative decay rates from these states are ΓF and ΓA, accordingly, and the resulting
superposition of decays is bi-exponential with the short decay time below the resolution of our experiment (200 ps),
and the long decay time given by
τL(T )−1 = ΓL(T ) =
ΓA + ΓF
2 −
ΓA − ΓF
2 tanh
(
∆EAF
2kT
)
. (S1)
Here we assume that the zero temperature spin relaxation rate γ0  ΓA. For more details see Ref. 42.
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FIG. S1. Long component decay rate ΓL = τ−1L calculated with equation (S1) as a function of the temperature. The
parameters ΓA = 10 ns−1 and ΓF = 0.012 ns−1 are chosen as in Ref. 42, despite studying a different sample. ∆EAF = 1.7 meV
is taken from Table I. Inset: Three-level model: |A〉 and |F 〉 are bright and dark exciton states, and |G〉 is unexcited crystal
state. γ0 is zero temperature spin relaxation rate, γth = γ0NB is the thermal-activation rate for the reversed process, where
NB = 1/ [exp (∆EAF/kT )− 1] is the Bose-Einstein phonon occupation. More details in Ref. 42.
The ∆EAF splitting can be measured as the Stokes shift of the emission in fluorescence line narrowing spectra.
It equals to 1.7 meV in CdSe/CdS NPLs (Fig. 4a and Table I). Assuming a Boltzmann distribution, this gives
the bright exciton population of 1% at T = 4.2 K in thermal equilibrium, i.e. bright excitons contribute to the
emission. To see, how this affects the decay, we evaluate the average decay time from such system. Since the PL
decay is multiexponential, it is not possible to obtain accurate values of ΓF and ΓA. To make an estimate, we use
ΓA = 10 ns−1 and ΓF = 0.01 ns−1, which are reasonable parameters measured for bare core NPLs. [42] The result of
the simulation is shown in Fig. S1. The long component is accelerated by about a factor of 10 when the temperature
increases from 1.6 K up to 4.2 K. This might be one of the reasons why the decay is not sensitive to the magnetic
field (Fig. 1d,e). At low temperatures the dark exciton emission is accelerated, because the magnetic field component
2perpendicular to the quantization axis mixes bright and dark states. In bare CdSe NPLs, the long decay component
is 20 times faster at B = 15 T compared to 0 T. [47] In our case, however, at T = 4.2 K the decay is already 10 times
accelerated due to the thermal population of the bright exciton, which masks the effects caused by the magnetic field.
Another reason why the decay is not affected by the magnetic field is the presence of charged excitons (trions).
Note that the ODMR and SFRS experiments were carried out at T = 1.8 and 1.6 K, respectively, so that the bright
exciton population was negligible.
S2. Band structure of CdSe/Cd1−xMnxS NPLs. Electron and hole leakage into shells
The bandgap difference between the CdSe core and CdS shell equals to 0.75 eV (ECdSeg ≈ 1.75 eV, ECdSg ≈ 2.5
eV)[31]. Note that the ECdSeg = 1.84 eV used in Refs. 19 and 26 corresponds to wurtzite CdSe, while CdSe nanoplatelets
are known to have zincblende crystal structure.
The conduction and valence band offsets between CdSe and CdS are not precisely known. However, the valence
band offsets ∆Ev reported in the literature are large, at least 0.45 eV, so that the hole is believed to be well confined
in the CdSe core. The reported conduction band offsets ∆Ec range from 0.3 eV to 0 eV, and this value depends on
the crystal structure, NC size, lattice strain and temperature. Due to weak, if present at, confinement, the electron
wave function leaks into the CdS shell (for references, see [32]).
Figure S2 shows the probabilities to find an electron or a hole in the barriers, fe and fh, respectively, calculated
for NPLs with two monolayer thick (0.6 nm) CdSe cores and four monolayer thick (1.2 nm) CdS shells. The offsets
range between two limiting cases shown schematically in Figure S2: (i) ∆Ec = 0.3 eV and ∆Ev = 0.45 eV; and (ii)
∆Ec = 0 eV and ∆Ev = 0.75 eV. For this, we solved the Schrödinger equation for the CdSe/CdS system within the
effective mass approximation, as it was done in Refs. 19 and 26. A conventional set of electron and hole effective
masses (me and mh) is used: me = 0.18m0 and mh = 0.89m0 in CdSe, me = 0.35m0 and mh = 0.95m0 in CdS
[19, 26, S1]. Here m0 is the free electron mass. The calculated fh ranges between 32% and 22%, while the fe is in
the range from 55% to 61%. Thus, within the wide range of band offsets, a significant penetration of both electron
and hole into the CdS barriers is expected. Note that according to our calculations, the probability to find a hole in
the CdS shell is much larger than reported in Refs. 19 and 26. Note also that we do not account for the Coulombic
attraction between electron and hole, which would provide an attractive potential minimum for the electron centered
in the CdSe core even for case of ∆Ec = 0 eV. [32]
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FIG. S2. Electron and hole probabilities for being located in the shell, fe and fh, as a function of the conduction and valence
band offsets between CdSe and CdS. Schematic band diagrams for ∆Ec = 0.3 eV and ∆Ec = 0 are shown on the left and on
the right, respectively. fe and fh are calculated assuming infinitely high outer barriers.
S3. Exchange interaction of excitons and trions with Mn2+ ions
The model descriptions of the DCP for neutral and negatively charged excitons differ, as their Zeeman splittings are
determined by the exciton and hole g-factors, respectively. In our calculations we use the conventional approach for
diluted magnetic semiconductors. This approach is based on consideration of the exchange interaction of an exciton
with the Mn2+ ions within the mean field approximation.
The bright exciton Zeeman splitting, ∆EZ,XA(B), in nonmagnetic samples is
∆EZ,XA(B) = gXAµBB = (−ge − 3gh)µBB , (S2)
where gXA = −ge − 3gh is the bright exciton g-factor, ge and gh are the electron and hole g-factors, respectively,
and µB is the Bohr magneton. In DMS samples an additional term, Eexch,XA(B), describing the exciton exchange
3interaction with the Mn2+ spins needs to be added:
∆EZ,XA(B) = gXAµBB + Eexch,XA(B) = (−ge − 3gh)µBB − 〈SMn〉x (N0αfe −N0βfh) . (S3)
Here x is the concentration of Mn2+ ions, N0 is the number of cations per unit volume, α and β are the s − d and
p− d exchange constants in Cd1−xMnxS for electron and hole, respectively [7]. 〈SMn〉 is the mean spin of the Mn2+
ions, which depends on the external magnetic field, the temperature and the Mn concentration: 〈SMn〉 = f(x, T,B).
The latter dependence is provided by the fact that neighboring Mn2+ ions interact antiferromagnetically with each
other, which reduces 〈SMn〉 with increasing x. To account for this, we use the function for the mean spin from Refs. 7
and S2:
〈SMn〉 = S0(x)B5/2[gMnµBB/kB(T + T0(x))] , (S4)
where B5/2 is the Brillouin function for spin 5/2, gMn = 2.01, S0(x) = −0.804 + 0.364/(x + 0.109) is the effective
spin, and T0(x) = 47.2x − 281x2 + 714x3 is the effective temperature. The parameters S0(x) and T0(x) describe
phenomenologically the interaction between the Mn2+ ions.
Note that Eexch,XA(B) is controlled by the exchange interaction of both electron and hole composing the exciton
with the Mn2+ ions. Therefore, it depends on the overlaps, fe and fh, of the electron and hole wave functions with
(Cd,Mn)S shells, calculated in Section S2.
The dark exciton Zeeman splitting, ∆EZ,XF(B), in nonmagnetic samples is
∆EZ,XF(B) = gXFµBB = (ge − 3gh)µBB , (S5)
where gXF = ge − 3gh is the dark exciton g-factor. In DMS samples, the Zeeman splitting reads as
∆EZ,XF(B) = gXFµBB + Eexch,XF(B) = (ge − 3gh)µBB − 〈SMn〉x (−N0αfe −N0βfh) . (S6)
The Zeeman splitting of the negatively charged exciton, which is composed of two electrons and one hole, is
contributed only by the hole:
∆EZ,h(B) = −3ghµBB . (S7)
In DMS samples, due to zero total angular momentum of the electrons, the exchange interaction with the Mn-ions
does not affect the Zeeman splitting, and Eexch,h(B) is determined by the exchange interaction of the hole with the
Mn2+ ions.
∆EZ,h(B) = −3ghµBB + Eexch,h(B) = −3ghµBB + 〈SMn〉x (N0βfh) . (S8)
Figure S3 shows the Zeeman splittings of the bright excitons (a,d), dark excitons (b,e) and negatively charged
excitons (c,d) as a function of the magnetic field. The following parameters were used for the calculation: ge = 1.7
(determined from spin-flip Raman scattering), N0α = 0.22 eV and N0β = −1.8 eV [7], S0(x) = 2.25 and T0(x) = 0.45.
The calculations were done for two hole g-factors: the theoretically calculated gh = −0.2 (a–c), and the experimentally
measured gh = −0.7 (d–e), both values taken from Ref. 37. Note that in Ref. 37 the hole g-factor increased with the
magnetic field strength from gh = −0.4 in B = 0 to gh = −0.7 in B = 15 T due to band mixing effects. Here we use
the high magnetic field value.
The exciton and trion DCP is given by
Pc(B) = −P satc
τ
τ + τs
tanh ∆EZ(B)2kBT
. (S9)
Here τ and τs are the lifetime and spin relaxation time, respectively, P satc is the saturation degree, which depends on
specifics of the spin structure and NPL orientation in the ensemble.
Figure S4 shows DCP vs magnetic field plots based on the Zeeman splittings from Figure S3. They were calculated
for P satc = 1, τ  τs, and T = 4 K, assuming a Boltzmann distribution between the spin sublevels and neglecting
the interaction between bright and dark excitons, i.e. they can be treated as DCP when only one type of particles –
bright or dark excitons, or trions – is present in the system. However, we note that due to the small ∆EAF ≈ 1.7 meV
in the samples under investigation the exchange interaction of carriers with the Mn2+ ions will result in a crossing of
the bright and dark exciton energy levels already in low magnetic fields, which requires further study.
In nonmagnetic CdSe/CdS NPLs (the black dashed lines in Figures S3 and S4), a positive Zeeman splitting, i.e. a
negative DCP, is expected for the dark excitons and negative trions. The Pc sign of the bright excitons depends on
the hole g-factor. It is negative when gh = −0.7, and positive when gh = −0.2. The experimentally measured Pc < 0,
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FIG. S3. Calculated splittings of the spin sublevels of the bright exciton ∆EZ,XA (a,d), dark exciton ∆EZ,XF (b,e) and negative
trion ∆EZ,h (c,f) vs magnetic field. In panels (a–c) the hole g-factor gh = −0.2, while in panels (d–f) gh = −0.7. The black
dashed lines correspond to the splitting in nonmagnetic CdSe/CdS NPLs. The red, green, pink and blue lines correspond to
CdSe/Cd0.991Mn0.009S NPLs with fe = 0.6 and different fh shown in panel (b).
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but we cannot make a definite conclusion about the gh value, because in experiment all three exciton complex species
are present in the spectra.
In DMS NPLs (the color lines in Figures S3 and S4), Pc > 0 is expected for all species, provided that the hole
5leakage into the DMS shells is large enough. For gh = −0.2, this requires at least fh > 10% to change the DCP
sign of the dark excitons, fh > 5% for the negative trions, and an even larger fh in case gh = −0.7. As discussed in
Section S2, we estimate fh to be between 22% and 32%, i.e. it is even larger than required.
Note that if fh < 5%, a DCP sign reversal in DMS NPLs can be provided only by the bright excitons, and only
when gh = −0.7 (Figure S4). But this requires that the bright excitons are the main species, which contributes to the
emission. This contradicts the average lifetime, which would be very short in this case (below 1 ns).
S4. Sample preparation
Chemicals: Cadmium acetate dihydrate (Cd(OAc)2 · 2H2O), trioctylamine (TOA), oleylamine (OLA), N-
methylformamide (NMF), ammonium sulfide solution (40-48 wt. % in water), trioctylphosphine (TOP), oleic acid
(OA), hexane, acetonitrile, toluene and manganese(II) acetate were bought from Sigma-aldrich.
Synthesis of 2 ML CdSe Nanoplatelets: The synthesis of the NPLs was performed according to a previously reported
method. [29] The mixture of 860 mg Cd(OAc)2 · 2H2O, 1 mL of OA, and 60 mL of TOA was degassed for 1 h at room
temperature. Then, it was heated to 115◦C under argon flow. When the temperature reached 115◦C, 1 mL of 1M
TOP-Se was injected swiftly and the mixture was kept at 115◦C for 2 h. After that, the solution was cooled down
to room temperature and centrifuged after addition of ethanol and hexane. The precipitated NPLs were dispersed in
hexane.
Synthesis of CdSe/CdMnS core/shell NPLs: Here we used a modified procedure of the c-ALD recipe reported
previously. [30] 2 ML CdSe NPLs were dispersed in 1 mL hexane and 5 mL of NMF with 40 µL of 40–48% aqueous
solution of ammonium sulfide – as sulfur shell growth precursor – was added on top of the NPL dispersion and
stirred for 2 min. Then, the reaction was stopped by addition of acetonitrile and excess toluene and the mixture
was precipitated via centrifugation. The precipitate was redispersed in NMF and precipitated again after addition of
acetonitrile and toluene to remove the unreacted precursor. Finally, the NPLs were dispersed in 4 mL of NMF. The
cation precursor solution consists of Mn(OAc)2 and Cd(OAc)2 ·2H2O in NMF. For the cation deposition step, 1 mL of
cation precursor mixture was added to the NPL dispersion and it was stirred for 45 min in a nitrogen filled glovebox.
Then, the reaction was stopped by addition of excess toluene and the mixture was precipitated via centrifugation and
dispersed in NMF. The same cleaning step was repeated twice more to remove the excess precursors. To increase
the number of shells, the steps explained above were repeated until the desired shell thickness was achieved. Lastly,
5 mL of hexane and 100 µL of OLA were added on top of the precipitated NPLs after achievement of the desired
shell thickness and the mixture was stirred overnight. To remove the excess ligands, the dispersion of NPLs was
precipitated by addition of ethanol, redispersed and kept in hexane for further usage. The doping levels were obtained
using ICP-MS measurements and by taking into account the 2D planar geometry of the NPLs.
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